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Dear Mr. Thomas:

The Water Quality Subcamittee of the Envirormental Effects, Transport
and Fate Comnittee of the Science Advisory Board has completed its review
of the Agency's Ambient Water Quality Criteria for Dissolved Oxygen—Fresh
Water Agquatic Life. The Subcomittee addressed the issue of whether the
document comprises a scientifically adequate discussion and evaluation of
the scientific literature concerning dissolved oxygen in fresh water agquatic
systems.

The Subconmittes assessed six major scientific issues including: the
invertebrate proplem; laboratory-field implications; additive stresses and
chemical interactions; growth rata reductions; oxygen criteria levels; and
dissolved oxygen monitoring conditions. The Subcommittee recommended that EPA
staff make various modifications to the treatment of these and oth¢r issues,
In genaral, however, the Subcomnittee concludes that the document is well-
organized and research whose logic and conclusions are scientifically
defensible.
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EPA NOTICE

This report has been written as a part of the activities of the Seience
Advisory Board, a public advisory group providing extramural scientific
information and advice to the Administrator and other officials of the
Envirommental Protection Agency. The Board is structured to provide a
balanced expert assessment of scientific matters related to problems
facing the Agency. This report has not been reviewed for approval by
the Agency, and hence the contents of this report do not necessarily
represent the views and policies of the Envirommental Protectien Agency,
nor does mention of trade names or commercial products constitute
endorsement cr recammendation for use.
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I. Executive Sumary

A water quality criteria deocument assesses arnd articulates the
scientific basis for establishing levels of a substance at which specific
organism and eccsystem effects will result. Selecting the level of that
substance permitted in fresh water systers represents a policy decision
based upon decision maker judgments of acceptable risks. In view of
the fragmentary nature of the evidence concerninglthis rigk, the Subcom-
mittee-recammends EPA maintain a conservative approach by upwardly revising
criteria levels for dissolved oxygen.

The levels for dissolved oxygen stated in the criteria document derive
primarily from labératory toxicity studies of fish species, while field
studies of fish ard invertebrates, which provide the food base for these
fish, receive minimal discussion. The Subcommittee recormmends that EPA
gilve greater emphasis to available published field stugies. If EPA judges
the current field study data base as too limited, it should carry cut
and/or sponsor research to obtain the needed information.

Chemical interactions and additive stresses are critical factors in
establishing criteria levels for oxygen and other substances. The Sub—
canmmittee recammends that EPA provide a more thorough discussion of how
these factors were considered and.integrated with other information in
preparation of the oxygen criteria document.

Inconsistencies appear in the documentation relating to grcwﬁh rate
reduction by oxygen deprivation and what is termed to be “"slight, moderate

or severe" growth impairment,



The Subcormittee recamends that ERPA upwardly revise the criteriz levels
presented in Table 6 of the criteria document., This recommendation is
based upon a recognition of the limitations caused by the lack of data for
organisms other than fish, the possibility of deletericus effects of lower
cissolved oxygen levels (besides those determined for fish), the fact that
the propesed dissolved oxygen levels that would impair fish production and
the likelihood of deleteriocus effects on fish resulting fram the interaction
between dissovled oxygen levels and other stressors.

Effective monitoring is essential if the states are to succassfully
irplement warer quality criteria. The sampling and analysis plans for
monltoring data snould, therefore, conform to the biclogical criteria. .In
the case of a criteria that is expressed as a paricdic function, the sampling
plan sheuid require: samples o Le equally spaced in time, sampling rates
that are high enougn te aveid aliesing, and total sample sizes large encagn
SO that the lowest rrequency of impertance can bé'obﬁerved.

The monitoring guicance included in the dissolved oxygen criteria
document would be signiticantly improved by supplying guldance cn sarzling
ambient dissolved oxygen. The suggested calculation procedure, while
different fram the classically used technique, is reasonsable if modified
to account for monitoring periods longer than one week, and if based on a
sampling frequency that can detect significart deviations fram the functica

that defines the no unacceptable effect level.



I1. Introduction

A. Historical Perspective

The Federal goverrment pramilgates water quality criteria for the
purpose of céntrolling pollutant toxicity in agquatic ecosystems. The
intent of these criteria is to control excess concentrations of a tox—
icant by establishing maximum permissible levels that will protect aguatic
life. Scientists and state and Federal agencies do not define oxygen in
the aguatic system as a toxicant and, rather than being concerned with
having excess oxygen, they are concerned with not having enough to protect
ahd/or gustain agquatic life,

Oxkygen 1s an essential element for the maintenance of aerchic life
in any biotic system. Oxvgen entérs the aquatic envirorment through
diffusion fram the ammospneres and is produced by aquatic plants in the
process of photosynthasis, Pollutants in the aguatic envirormment, par-
ticularly corganic pollﬁtants, provide the substrate for the production
of microbial cammunities which use the oxygen in their metabolic activi-
ties and compete with fish, aguatic invertebrates and other aguatic orga-
nisms. Waste heat, when discharged into aquatic systems, also has the
direct effect of reducing the amount of oxygen that can dissolve in the
water column and thus affect its availability to organisms. It also re-
duces oxygen indirectly through creating a temperature environmert amenable
to the proliferation of microbial organisms,

Since organic materials and heat cause the reduction of oxygen in

water columns, a logical step would be to set upper limits for them.



- 4 -

However, the organic materials are many and varied, and are often not toxic.

Though maximm heat tolerances can be defined for varicus species, these

levels are often greater than those that will materigi}y affect oxygan

ccncéntrations. Thus, oxygen becomes the substance %;: which criteris

are established, and the criteria express the result.af comlex interactions
\

of physical, chemical and biological factors. In turn,. these oxygen levels

produce effects on organisms within the ecosystem and, ;onsequently. on the

ecosystam itself.

The criteria Jevelgpment strategy used by the Envirormental Protecticn

Agency sets limits for oxygen concentration in the water column to protect

acuatic organisms as well as the ecosystem. This strat was first formilazed
2 g

in a criteria format with the publication of Water Quality Criteria 1272

(NAS,/NRC 1973) and irplemented by EPA four years later in Quality Criteria

for Water (EPA 1976). Section 304{a)(l) of the Clean Water Act {33 U.S.C.

13i4(a)(l)] requiras that IPA publish and pericdically update zmdient water
quality criteria reflecting the latest scientific information available on

the effects of pollutants on public health and welfare, aguatic life and

recreation. The draft document, Ambient Water Quality Criteria for Lissclved

Oxygen: Fresh-Water Aguatic Life, critigued in this review is EPA's latest

effort to fulfill the requirements of the Clean Water Act for this particular
criteria.

B. Charge to the Subcormi ttee

On July 29, 1935 the Division of Criteria and Standamds of the Office
of Water requested the Science Advisory Board to review the dratt document,

for the purpose of improving its scientific quality, The Executive Comittee
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of the Science Advisory Board accepted this request and assigned the task
of reviewing the document to the Water Quality Subcommittee of its Environ-
mental Effects, Transport and Fate Committee.

Members of the Subcoammittee received copies of the document in
September, 1985 and met in public session to review it at EPA's Envirormental
Research Laboratory — Duluth on Qctober 10-11, 1985. The Subcammittee
discussed and evaluated the scientific adequacy of the document with its
Principal author and other FPA staff and arrived at a concersus during the
meeting. Subsequently, individual Subcormmittee members wrote individual
sections of this report and subjected their analyses for review and editing
Dy thelr colleagues. This final report articulates the scientific ccnéensus
derived during the public meeting and follow-up discussions of successive
draft reocr:s, |

Tne raport is organizea into three major sections involving general
comrents, and a discussioﬁ of philcsophical issues and scientific issues.
III; General Comments on the Dissolved Oxygen Criteria [ocument

The Subcarmittee concludes that this is the best prepared criteria
document the Science Advisory Board has reviewed to date. The document
is well-organized, researched and referenced., Generally, its arguments,
logic and conclusions are scientifically defensible.although its premises
were sometimes arguable. The overall quality of the thinking, research and
writing is cawmendable.

There are several aresas in which the document can be further improved.
These include: 1) the philoscphical basis for a criteria document that

reflects, in part, how the material in such a document is presented, and
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2) the validity of some of the premises uﬁon which the scientific arguments
rest.
IV. Philcsophical Issues for the Criteria Document

A criteria docurent is a scientific document in which scientific data
are presented and arguments synthesized to provide evidence for the effect
of some substance on prganisms and systems of orgénisms. This particular
document. concerns the effects of lowered oxygen concentrations on freshwater
aquatic life. The levels that affect, partially affect or do not affect
aquatic life defins criteria levels that are supported by evidence from
the scientific liéérature based upoﬁ'laboraféfy'experiments and fisld
ommervations.

The choice of ong of these criteria levels as the level at which it

iz sither -—ormissible or not permissible to allow an effzct is 2 policy
decision., The Subcormict2s melieves that the document blurs the distincticn
between sci2ntific anc po.igy issues and choices. Specifically, on pages
24-25, criteria levels are defined for production impairment of organisms
during "embryo and larval stages" and "other life stages" for salmonid
and non-salmonid waters. These levels are supported hy documentaticn in
previous pages although it is questionable whether the ordinal lavels of
growth impairment used (slight, moderate, severe) have any real meaning,
On Table é (page 26), however, the criteria levels selected fall inte the
"impair.ent allowed" area. Table &, therefore, presents a policy decisien
stating that it is psrmissible to allow production impairment of individual
organisms, but no evidence is presentsd that the aquatic system itself

will not also b atfecred,
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The Subccrmittee belisves that the water quality criteria for
dissolved oxygen should be designed to protect the entire aquatic ecosystem.
Fish are only one component of this ecosystem, hut they receive virtually
exclusive attention in the criteria document. The justification for this
focus includes: 1) the assumption that the protection of fish will also
ensure the protection of other organisms or groups of organisms, and 2)
little information exists upon which to base inclusion of other biota in
considerations underlying the propesed criteria. The first of these
assumptions 1s not supported by documentation; it 1s an article of faith
(but a strong one since most scilentists would accept the premise that
nealth of a water body is reflected in the status of its ichthyofauna).

The second is largely true, but EPA should assess what literature exists

and state the cdnclusinns that could be drawn from it. The relative lack
of information about microbial, plant and invertaebrate responses do2s not
justifi completely ignoring them.

The ecosystems in question are complex, organized networks of biotic
and abictic interactions. About such networks, inecluding food webs and
feedback control loops, there is growing knowledge that indirect effects
propagated over time may be more important than instantanecusly experienced
direct effects. The dissolved oxygen criteria document focuses on the
direct effects of oxygen upon fish. Such direct (but unknown) effects on
other groups may propagate as the result of indirect effects to the fish
over a long period of time through the ecosystem's interconnecting network.
Thus, after a period of years, fish populations could become seriously
impacted by slowly induced changes in other groups even though no standards

based on fish requirements were ever violated.
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Given the goal of protecting all biological forms and the integrity
of their vital interactions within the aquatic ecosystem, the rezponsible
pragmatic response to the lack of relevant knowledge is to employ a
conservative approach. Accordingly, the low dissolved oxygen levels recam-
mended in Table 6, justified solely by ichthyofaunal considerations, should
be adjusted upwards to achieve at least the protective level afforded by

the present Redbook standards.

V. Review of Scientific Issues in the Criteria Document

A, The Invertebrate Problam

The concensus peosition of the document states that if all stages of
fish are protected, invetebrate cemmunities, although not necessarily
unchanged, should be adequately protected. The document does not state the
scientific support for thiis pesiticn, Rather, it asserts that some invertebrate
species are as sensitive as "moderatalv susceptible" fish,

Because bDiotic comuinities consist of many species at various trophic
levels, and since the role of these species in the metabolism of the coamminity
is not fully known with reference to the production of food resources for
fin fish, it is important to recognize the potentially significant role of
at least "deminant invertebrate‘$pecies and their tolerance to low levels
of dissolved oxygen.

At a minimum, the document should refer to the literature or. require—
ments for dissolved oxygen by these invertebrate species that have been
studied. Groups of invetebrates that should he checked and that are important

directly as prey species for fish with commercial or recreational value, or

indirectly as impertant processors of anerygy in the eccsystem, include:
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unionid clams, fingernail clams, Amphipods, crayfish and insects of the

orders of Plecoptera ard Ephemercptera. The document reperts that few

appropriate data are available that address the effects of reduced dissolved
oxygen on freshwater invertebrates. These data should, nevertheless, be
reviewed and briefly surnmarized.
B. Laboratory-field Implications

It is not at all clear that the methods used to achieve oxygen
levels in experimental units in order to determine oxygen requirements for
fish and invertebrates did not produce spurious results evoking other
siological responses. A statament clarifying the methodology would be
usetul.

Labaratory tolerance tests for oxygen are most often Cesigned o
hold all extraneocus variables constant to ascertain the main effect of
oxygen. Even if efforts are made to determine the interactive effects of
other physical, chemical and hiological factors with oxvgan levels,
scientists seldam succeed in duplicating the natural enviromment experi-
mentally. Thus, the comparability between laboratory and field results
remains unknown unless field observations are designed to verify lanboratory
results. A discussion of the advantages and disadvantages of laboratory
tests and field observations in the document's “Intrc&uction“, wnila
eliminating a discussion of disadvantages after each of thelsecticns,
would considerably enhance the sci.ntific presevtation of the document,

Caupled with this addition to the Introduction should be removal or
modification of the negative statements in the text. The available data

are much better than the document suggests. Numercus laboratory studies
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of £ish in which experihental conditions (e.g., spvcies, temperature,

duration) varied have produced conclusions for theleffects of dissolved

oxygen upon fish for a number of variables. These,?ésults provide a stronger
basis upon which to develeop confidence in the data é}@n if all the experiments
had uniform designs. Added to this factor are the résults of the field studies
which support, to a large extent, the results of the iaboratory studies.

The combination of laboratory hypothesis testing and field verification is

a very powerful cne.

Statements in the document campliaining about the variability of testing
conditions, suggesting that scientists investigating dissolved oxygen had
urusual whims and prefersnces, stating that the data base is fraught with
inconsistency, and denigrating metabolic and physiclogic studies because
they reguirs extrapolation and assurptions, are unjustifieq and counter—
proauctive. Similarly, statements that Delittle laboratory studies at the
begirning of the presentation of laboratory results and field studies atter
the presentation of field results do nothing but reduce confidence in the
document and should either be eliminated or rephrased to amphasize the
power of similar conclusions from varying laboratory and field approaches.

The negative tone referred to above also gives the impression that
violation of the criteria ig permissable. Specifically, pages 28-29 include
such statements as "Some deviation below acceptable concentrations would
probably not cause significant ham"; discussion of significance {(importance)
of conditions that fail to meet reconmended criteria®™; and "excursions
below minimum recommended values are likely to be appreciable". Such

statements cast doubt upon how seriously EPA considers the criteria amd, in

the opinion of the Subcommittee, should be stated more carefully.
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C. Additive Stresses and Chemical Interactions

The dissolved oxygen criteria document breaks important ground
for EPA in that it attempts to deal with the effects of both physical and
chemical stresses on the sensitivity of organisms to low dissolved oxygen
concentrations. Particular emphasis is placed on the adverse effects of
high temperatures and tolerance to low dissolved oxygen. The document
states that "Concern for this temperature effect was a consideration in
establishing these c¢riteria, especially in the establishing of these
criteria intended to prevent short—term lethal etfects" (page 19).
Section VI elaborates on this statement by noting that "The dissolveg
axygen concentrations in the criteria are intendsd to be protective at
typically high seasonal environmental temperatures" even though these
temperatures "are often higher than those used in the research from which
the criteria were generated" (pages 25-26).

In spite of this assertion, the document does not discuss the methods
used to factor the temperature effects into the actual criteria numbers.
Instead, the reader is told that the criteria derive from the production
impairment estimates (pages 24-25), "which are in turn based primarily
upon growth data and information on temperature, disease and pollution
stresses.” Tt is appropriate and important to incorporate a discussion
on additive stesses in a criteria document, hut these data should not be
factored into the final criteria numbers without clearly defining the
underlying raticnale. Without that rationale, it is not possible to
critically evaluate the inclusion of these data. The alternative is to
accept at face value that the criteria numbers adequately address the

problems of temperature, disease ard éollution stresses,
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in general, the discussion of additive chemical stresses on sersitivity
te low concentrations of dissolved oxygen is well presented. It includes
a review of data on metals (Zn, Pb, Cu), xencbiotics (monchydric phenols),
cyanide and ammonia. More importantly, though the document addresses the
importance of chemical stresses in section IV B, it is mentiored only in
passing in discussion of the National Criteria in Section VI, and .is not
addressed at all in the discussion of the relationship between criteria
and nonitcfing and design ceonditions. These deficiences should be remedied.

This document successfully articulates the complex issues of chemical
interactions and additive stresses, issues that should receive consideration
in all of the criteria documents developed by EPA. More thorough discussion
of how these data were applied in deriving the criteria numbers and now
they should be used in monitoring and experimental design, however, would
nelp to integrate and strengthen the document.

D. Growth Rate Reductien

The document should accompany data entries in Tables 1-5 with a
fuller discussion of the variation surrounding the values beczuse, as
currently presénted on page 6, the arguments are not well substantiated.
One can conclude from Table I that a "slight" growth impairment occurs at
an oxygen concentration of 7 mg/l and that growth impaimment of 4%-9% at
6 my/l might better be termed "moderate" for the following reasons: 1)
the absolute weight of fish (and probably invertebrate) flesh lost in
natural waters can be significant at such levels, particularly considering
the economic loss of commercially exploited populations such as the

salmon produced in the Columbia River drainage basin; and 2) the likelihoog
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of temperatures in natural waters exceeding those of the experirents
{Table 1,) during critical periods of low dissolved oxygen. At dissolved
oxygen levels below 6 my/l, growth of salmonids was reduced by 10% or
more. One should conclude from this table that values of dissolved
oxygen concentration listed at the top of page 25 for slight, moderate
and severs production irmpairment should he 7, 6 and 5 mg/l, respectivaly.

E. Oxygen Criteria Levels

The Subcommittes belisves that the dissolved oxygen criteria in
Table & are too low because the criteria listed for the 7—day mean minimum
derive fram studies wnich have shown sublethal deletericus effects on
fish. According to the statement on page 24, nearly all data on the
effects of low dissolved oxygen on aguatic organisms relate to continuous
exposures for periods of hours to weeks. A 7-day mean minimum is a
seriod of hours to 2 week, Therefore, the deleterious effects observad
in the various studias should be expected to occur in a 7-day paried. In
fact, according to the conclusions stated on page 25, the 7-day mean
minimm values recammended in Table 6 would cause mxderate impairment of
production. Such values can hardly be protective of our mation's aguatic
rescurces,

Moreover, the recammended dissolved oxygen criteria derive mainly
fram laboratory studies in which stresses that occur as the rule rather
than the exception in nature were eliminated and other stresses peculiar

to the laboratory setting were substituted, thus creating substantial
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' uncertainties, Low dissolved oxygen exacerbates effects of such camonly
ocourring stresses on fish as temperature fluctuation, presence of ubiguitous
pathogenic crganisms, competitive interactions, and presence of toxic
chemicals (pp. 19-21), Based upon studies which eliminated stresses, the
dissolved oxygen criteria canncﬁ be expected to be protective for the
interactions of ‘lc:w or marginal dissolved oxygen levels and environmental
stresses that oceour camonly in nature,

Under these circumstances the Subcammittee concludes that current
scientific data demonstrates that the proposed dissolved oxygen criteria
are unacceptaply low and recommends that higher (i.e, more protective)
values supported by the information on pages 24-25 be substituted as in

tne table below:

Warer Cuality Criteria for Ambient Dissolved Oxygen Concentration {(mg/l1)
' Cold Water Criteria Warm Water Criteria
Esrly Life Cther Life | Early Life Other Iife
30 dav mean NA 8.0 NA 6.0
7 day mean 11.0 (8.0) NA 6.5 NA
7 day mean NA 7.0 NA 5.0
minimm
1 day minimum 9.0 (6.0) 3.0 5.5 3.0

| F. Dissolved Oxygen Criteria and Monitoring Conditions

One of the best features of this criteria document is its discussion
cf the biological effects of cyclic and other variations in dissolved
oxygen. The document points qut that dissolved oxygen varies continuously

in a daily ¢ycle, and it seems clear that seasonal and annual cycles exist,
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The ambient value of diésolved oxXygen consists of the sum of these natural
cycles, plus the effects of any human activities. 'The criteria document
also notes that the sensitivity of some species to low dissolved oxygen
levels varies during the course of their life cycle.

Since dissolved oxygen levels, and the organism's sensitivity to
these lavels, follows cycles, the natural way to describe the dissolved
oxygen criteria is as a periodic function that does not produce unacceptable
effects. Assuming that the acceptable dissolved oxygen level represents a
sinusoidal function of time, the criteria would be expressed as an average
value, an amplitude, ard a pericd, These three mumbers would devermine
the minimumally acceptaple dissolved oxygen value, the average acceptable
value, and the time between minima.

The dissolvad oxygen criteria rast on the assumption that the acceptable
effect level defines a function whose dominant corponent i3 a2 sinusoid
with a pericd of one day. For example, to protect the early life stages
of cold wéter species, this assumtion can be expressed as:

Do(t) = 6.5 + 1.5 cos [(27/24)c] + & (L)
where DO(t) is the acceptable dissolved oxygen‘level inmg/l, t is time
in hours measured from a maximum, and £ » =2.

Section IV of the criteria document addresses the important problem
of calculating with monitoring data to determine whether ambient dissolved
oxygen is below the acceptable levels described by an eguation lizke (1).
In the following paragraphs the Subcommittee discusses monitoring issues
raised by the calculation approach developed in Section IV.

The calculation approach suggested in the criteria document assumes

that dissolved oxygen is measured twice daily, once at the maximum and
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once at the minimm value. The example calculations (Table 7)
' \'-L .
assume the availability of only seven pairs of observations, ard from
AY

these pairs are defined: (1

(1) daily maximum = minimum of measured dissolved oxygen and

air saturation cencentration; B

(2) daily mean = average of that day’s minimum and maximum;

(3) l-day minimum = minimm of the minima;

(4) 7-day mean minimum = average of 7 minima; and

(3) 7-day mean = average of 7 daily means,

The criteria are viclated if any of the guantities 2 through 5 fall nelios
values judged to be acceptable.

Tha guidance on menitoring coes not specify the sampling plan for
acquiring the monitoring data. In the following paragraphs two samoling
plans will be considered. The first monitcrs dissclved oxygen continucusly,
with the required maxima and minima found from the observed time history.
The second possibility assumes that dissolved oxygen is measured by grab
samples taken at widely spaced time intervals.

1. Continucus Monitoring

With continuous monitoring, the suggested calculation procedure is
reasonable if the concentration of ambient dissolved oxygen is nearly
sinusoidal with & period of twenty-four hours. However, the calculation
procedure does not address how to deal with more than seven pairs of
points, as will be the case if monitoring lasts more than a week. Nor
does it address cases where the observed time function is either not very

sinusoidal, or has a frequency greater than one cycle per day.
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If the concentration of ambient dissolved oxygen is periodie, but
not simiseidal, it may‘happen that the daily minimum value persists for
unacceptably long periods. If ambient dissolved oxygen has components
the pericds of which are less than one day. it is possible the daily
minimum will be achieved more than eonce.

Based on the data presented in the criteria document, both of these
situations could lead to unacceptapble effects, while not necessarily
violating the criteria. However, when ambient dissolved oxygen is contin-
uously monitored, sufficient information exists to determine, on a zite
specific basis, what modifications (such as limiting the time at the
minimum) might be required to avoid unacceptable effects.

2. Grab Samplirg

When ambient dissolved oxygen is monitorad by grab sampling at widely
spaced intervals, the calculation procedure may produce misleading results.
By sarpling cut of phase with the minima and maxima, it is possible teo
consistently obtain a pair of daily measurements that correctly estimates
the average concentration but give essentlally no information about the
true amplitude of fluctuations around the mean, If as few as two samoles
per day are taken, events with frequencies higher than one cycle per day
will actually appear as components with frequencies lower than cne cycle
per day. This could lead to a misinterpretation of the detection of adverse
effects.

Another problem with estimating the criteria's parameters with widely
spaced samples results from the paucity of information about the length
of time over which ambient dissolved oxXygen remains near critical concen-

trations, since many physically pessible continuous functions will pass
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through the measured points.

Fran the discussioﬁ in the previous paragraphs, the Subcamittee
concludes that the suggested calculations (assuming monitoring lasts only
one week) are reasonable when the dally maxima and minima are sampled rapidly
enough to detect deviations that have unacceptable bicological effects.
However, EPA could significantly improve the monitoring ¢uidance by
explicitly addressing the sampling rate that is required to determine the
acceptability of ambient dissolved oxygen levels. In the next section,
the Subcaommittee discusses a classical approach to determining this rate.

3. Fourler Analysis

The purpose of monitoring dissolved oxygen levels 1s to verify thar
gmbhliant levels satisfy thé bounds expressed by a biologically determineé
sinuscidal function like eguation (1). To do this reguires estimation of
the mean, amplitude, and frequency of the anbient concentration, and
camparison of these valuss with those judged acceptable. The classical
approach to this problem is called Fourier analysis.

Fourier analysis expresses a function, X, sampled at squally spaced
time intervals, as the sum of periodic components:

Xy = Bg +I [Aycosluyt) + Bysinbust)] (2)

where 0 < j < n/f2,

Q<t<n-=1,

wy = 273/n,

3

Ao = Xy/n, and
Ry = A%+ py%

Ay is the mean of the Xp, ana Ry is the amplitude of the jth component.
The analysis solves for the n coetficients of (2} using ordinary least

sJquares.
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By using Fourier znalysis, it is poésible to identify the amplitudes
of selected frequencies with pericds between two times and n times the
sampling rate. To determine a sampling plan for the Fourier analysis of
data, it is necessary to select a sampling interval,A, so that no
frequencies higher than 0.54 are present. One also needs to select n,
the mumber of sarrgles, so that n timesd is equal to the fundamental period
of X,

Because the sum of the Rjz is proportional to the mean sguare of the
Xy, under appropriate statistical assumptions, it is possible to use
regression technigques together with the magnitudes of the Rj2 o determine
which of the W4 contributes most to the total variability of the Xi.

tne of the advantages of using Fourier analysis to examine a time
series for periodic camponents is the ability to know the consequences of
misspeclfying the sampling interval and the fundamental period. When the
sampling interval A is too large, frequencies higher than 0.5 A are

aliased down to frequencies less than 0.5 4 . For each frequency Jreater

than 0.5 A , the alias can be explicitly identified. Wwhen the period of

the sampled data is incorrect, there are frequency components that are

not edqual to one of the w 3j* This effect is called leakage and, as with
aliasing, its effect can alsc be precisely caleculated.

Depending on the frequency band of interest, one should process
several thousand data | oints in a Fourier analysis. BHRistorically, this
posed a practical limitation on the use of this technique. However, many
current software packages can perform the required calculations, accounting

for both aliasing and leakage.
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